Cortisol is presumed to be a risk factor for stress-and age-related disorders, such as depressive disorder and Alzheimer's disease (AD). The aim of this study was to investigate the association of plasma cortisol concentration with AD in presence or absence of comorbid depressive symptoms.
Background
Depressive disorder and Alzheimer's disease (AD) are ranked among the major neuropsychiatric diseases. AD is the most common neurodegenerative disease, characterized by progressive patterns of cognitive and functional impairments; depressive state in AD escalates the pre-existing suffering of patients. Depression is one of the most frequent psychiatric complications of AD, affecting as many as 50% of patients [1] [2] [3] [4] . A link between AD and depression could create hypothalamic-pituitary-adrenal (HPA) axis overdrive, neuroinflammatory mechanisms induced by stress, decreased serotonin levels, and disturbances in many other signaling pathways [5, 6] .
Major depressive disorder is associated with changes in endocrine and metabolic factors, including monoamine deficits, HPA axis dysfunctions, and inflammatory and neurodegenerative alterations [7, 8] . Excessive activation of the HPA axis was observed in approximately half of individuals with depression, which results in increased release of corticotrophin-releasing hormone and, in some cases, sustained elevation of cortisol [9] [10] [11] . Mean cortisol concentrations were found to be higher in women than in men, and plasma cortisol concentrations in men and women showed a parallel increase with aging [12] [13] [14] . Measurement of salivary, urinary, or serum cortisol levels reveal that depression is associated with hypercortisolemia in older depressed subjects [15] [16] [17] [18] [19] [20] . In contrast, other data indicate that hyposecretion of cortisol in elderly patients may be a feature of chronic depressive episodes, especially in males [21] . Thus, in older people, depression is associated with an imbalance of the stress system, resulting in either hypocortisolemia or hypercortisolemia, depending on specific patient characteristics. Hypo-and hypercortisolemic depression may represent different subtypes of depression [22] . The finding that memory retrieval is impaired at very low and very high cortisol levels, but not at intermediate levels, indicates that both low and high cortisol concentrations may participate in the same pathophysiology of the disease [23, 24] . A relationship between morning basal serum cortisol, as a measure of HPA axis reactivity, and somatoform dissociative symptoms in unipolar depressive patients was also described [25] .
AD is associated with formation of neuritic plaques composed of amyloid-b (Ab) oligomers and intraneuronal neurofibrillary tangles composed of hyperphosphorylated tau protein. However, a growing body of evidence shows that other factors could participate in the pathophysiology of AD [26, 27] . Cortisol plasma concentration was found to be increased in AD; nevertheless, the role of cortisol in the pathogenesis of AD remains the subject of controversy [28] . In AD subjects who had higher cortisol levels in the early stage of the disease, an accelerated progression of the disease was observed [29] . Hypercortisolemia in AD appears to be related to the clinical progression of the disease, but not to aging or length of survival [30] . It was confirmed that higher levels of cortisol are not associated with cognitive decline in older persons over a period of 6 years [31] . However, elevated basal cortisol level predicted lower hippocampal volume and cognitive decline in Alzheimer's disease over a 2-year follow-up period [32] . Cortisol levels in AD patients seem to be of prognostic relevance; the most severely demented patients had the highest cortisol concentrations [33] , and increased cortisol plasma levels have been associated with more rapid disease progression in AD subjects [34] . However, a large prospective study did not confirm the relation between serum levels of cortisol and the risk of developing dementia or AD, which suggests that morning serum cortisol is not a causal factor in the development of dementia [35] . It was concluded that dysregulation of the HPA axis in AD seems to be a consequence rather than a cause of AD [36] ; this was supported by observation that improvement of cognitive function was associated with decreased saliva cortisol [37] . Nevertheless, significantly increased cortisol was included in a biomarker panel for diagnosis of AD [38] .
There is an association between depression and dementia [5, 39] . Alteration in glucocorticoid steroids and hippocampal atrophy is a link between depression and onset of dementia. Depression with dementia appeared to lower performance on cognitive tests [40] and treatment of depression led to improved test performance [41] . Recently, it has been suggested that major depression could serve as a risk factor for developing AD -patients suffering from lifetime depression have a 2-fold higher chance of developing AD and exhibiting more AD-related neuropathology [5, 42] . The role of depression in AD is likely to involve genetic vulnerability, brain damage, and possibly psychological reaction to cognitive decline [2, 43] . Cerebrospinal fluid cortisol levels were no higher in depressed than in non-depressed AD patients [44] .
The nature of the association between late-life depression and risk of AD is unclear. Although the stress and HPA axis activity participate in the onset and progression of both depressive disorder and AD, it is not known if the pathophysiology of depression in AD is the same as major depressive disorder without AD [45] . Thus, there are important reasons for research on cortisol concentrations in depression, AD, and depressive state in AD. We aimed to investigate the association between plasma cortisol concentration and depressive disorder and AD. Moreover, we analyzed the association of high plasma cortisol with relative risk of AD.
Material and Methods

Subjects
Patients with diagnosis of depressive disorder and patients with diagnosis of AD were recruited from the Department of Psychiatry of the First Faculty of Medicine of Charles University in Prague and General University Hospital in Prague. The patients were asked to complete a data set relating to medical history, personal habits, and use of medication.
Inclusion criteria for AD patients were: age >50 years; diagnosis of probable AD according to NINCDS-ADRDA Alzheimer's Criteria; brain imaging (computed tomography or magnetic resonance imaging) showing cortico-subcortical atrophy (atrophy in the hippocampus and temporal lobe); no serious unstable somatic disease and no alcohol abuse; brain imaging excluding any other organic brain lesions (vascular changes, intracranial hemorrhage, etc.). Other causes of dementia were excluded, including pseudo-dementia. Participants did not use oral glucocorticoids, sex steroids, or mineralocorticoids. Standard biochemical survey was performed and persons with pathological levels of minerals, urea, or creatinine were not included. The Mini-Mental State Examination (MMSE) was used to screen for global cognitive impairment in AD patients. Depressive symptoms, which are included in behavioral and psychological symptoms of AD dementia, were assessed us the Geriatric Depression Scale (GDS), designed specifically for rating depression in the elderly [46] .
Inclusion criteria for depressive subjects were: age above 50 years, with depressive episode without psychotic symptoms, and with single or recurrent depressive episode. Diagnoses of current depressive episode (F32) or recurrent depressive episode (F33) were confirmed by structured clinical interview for ICD 10. Serious somatic disease or chronic somatic pharmacotherapy was not present; patients were without organic brain disease, without cognitive impairment, and without abuse of psychoactive substances. Severity of depression was assessed using the 21-item Hamilton Rating Scale for Depression (HRSD-21) and the Clinical Global Impression -Severity Scale (CGI-S). Included participants had to have a score greater than 10 on the HRSD and a score of 2 or more on the CGI-S. A negative screen for bipolar disorder was found for all tested subjects using the mood disorder questionnaire (MDQ) [47] .
The control group consisted of normal healthy volunteers over 50 years old. To minimize age-related changes in life-style of control subjects, actively employed persons and participants of in the University of the Third Age were accepted as controls. Controls were non-demented, non-depressed, and without any organic brain disorders; they underwent a psychiatric examination and brain imaging in the same way as AD patients.
The study was carried out according to the principles expressed in the Declaration of Helsinki and the study protocol was approved by the Ethics Review Board of the First Faculty of Medicine of Charles University in Prague and General University Hospital in Prague. After completed description of the study to the subjects, written informed consent was obtained.
Plasma cortisol measurement
Fasting blood samples were collected by venipuncture between 7:00 and 8:00 am (at least 1 h after awakening) for determination of total plasma cortisol. Vacutainer ® blood collection tubes were used, with EDTA as anticoagulant. Plasma was separated immediately after blood taking and samples were stored at -70°C until the time of analysis. Quantitative determination of cortisol in plasma was performed by competitive immunoassay using direct chemiluminescent technology. Centaur Cortisol reagent kit (Siemens Healthcare Diagnostics Inc., Tarrytown, USA) and ADVIA Centaur analyzer (Siemens Healthcare Diagnostics Inc., Tarrytown, USA) were used; the cortisol assay used has an analytical sensitivity of 20 nmol/L, the inter-assay coefficient of variation was <10%, and intraassay coefficient of variation was 7%. None of the samples had concentrations of cortisol below the lower detection limit.
Data analysis
Statistical analyses were performed using the data analysis software system STATISTICA (version 10.0, StatSoft, Inc., Tulsa, OK, USA). The hypothesis that plasma cortisol concentrations are normally distributed was tested by the Shapiro-Wilk W test. All data presented are expressed as the mean ± standard deviation (SD). The "General Linear Model" module was used to analyze all designs, including those that can be handled by the Analysis of Variance (ANOVA), regression, or Analysis of Covariance (ANCOVA) methods of analysis, and post-hoc comparison between means. Another way of looking at the unique contributions of each independent variable to the prediction of plasma cortisol concentration was to compute the partial correlations (i.e., correlations between the respective independent variable adjusted by all other variables, and the plasma cortisol adjusted by all other variables).
The "high cortisol group" was operationally defined by plasma cortisol concentration exceeding the normal mean value plus 2 SD [48] , corresponding to specificity greater than 0.97 for controls. Two-way contingency 
Results
Participants were grouped according to diagnosis into 3 groups: patients with AD (N=80), patients with depressive disorder (N=27), and controls (N=37). AD patients were subgrouped to those with marked depressive symptoms (GDS ≥7, N=35) and without marked depressive symptoms (GDS <7, N=45). Demographic data are summarized in Table 1 and clinical evaluation and plasma cortisol concentrations are  shown in Table 2 .
First, data normality was tested. The hypothesis that distribution of plasma cortisol concentrations is normal distribution was not rejected by the Shapiro-Wilk W test for AD patients, depressive patients, and controls. Thus, parametric statistics were used for subsequent data evaluation.
Second, control for sex was performed. While slightly higher mean plasma cortisol concentrations were found in women compared to men in all tested groups, statistical analysis (ANOVA and post-hoc Scheffé test) did not discover any significant difference. Post-hoc p-levels for the Scheffé test were 0.063, 0.112, 0.307, 0.802, and 0.067 for AD, AD with depression, AD without depression, depressive disorder, and control, respectively. Thus, data from women were evaluated together with data from men.
Compared to controls, AD patients had significantly higher mean plasma cortisol concentration (p=0.021), as did subgroups of AD patients with depressive symptoms (p=0.044), but not in AD without depression or in non-AD depressed patients (Table 2) . Significantly higher plasma cortisol was also found in AD patients compared to depressive patients (p=0.042).
General linear models were used for investigation of significant interaction effects for plasma cortisol and both categorical and continuous predictor variables. Association of plasma cortisol with MMSE and GDS was studied in AD patients. Association of plasma cortisol with HRSD score and CGI-S score was assayed in patients with depressive disorder (without Multiple regression did not discover any significant regression coefficients in the group of depressive patients (i.e., none of the independent variables contributes significantly to the prediction of plasma cortisol in this group of participants). In the control group we found significant association between plasma cortisol and age only, with partial correlation adjusted for sex equal to 0.419. However, we found a significant association of plasma cortisol with MMSE score in AD patients (Table 3) . MMSE was identified as the most important predictor of plasma cortisol both in the whole group of AD patients (after adjustment for age, sex, years of schooling, and BMI) and in the subgroup of AD patients without depressive symptoms (apart from adjustment). After adjustment for confounding, p values were unchanged or slightly decreased. The relation between plasma cortisol in AD patients and MMSE and/or GDS was documented by partial correlation and regression coefficients of multiple linear regression analysis for model unadjusted, adjusted for age and sex, and adjusted for age, sex, BMI, and years of schooling (Table 3 ). The dependence of plasma cortisol on MMSE score in AD patients is shown in Figure 1 .
It was previously found that, in older people, the association between cortisol and depression is U-shaped [22] . Higher standard deviation and range of plasma cortisol concentrations in non-AD depressive patients (Table 2) indicates that both low and high levels of cortisol are associated with depression. Quartiles (i.e., values that divide the data set into 4 equal groups, each representing a fourth of the population being sampled), were determined for the control group and they were used for data separation in the group of AD or depressive patients. Relative number of patients in each quartile is displayed on Figure 2 , which shows that the number of patients with depressive disorder increases at both ends of the plasma cortisol spectrum. Thus, we confirmed a U-shaped association between plasma cortisol and major depression. In contrast, AD patients without depressive symptoms display a linear increase of the relative number of patients with increased plasma cortisol concentration. Distribution of relative number of AD patients with depressive symptoms is more complex and may be due to superposition of linear and U-shaped course. To express the utility of increased plasma cortisol concentration as part of a panel of biological markers of the disease, we dichotomized data to those with "normal" and "high" plasma cortisol. We chose 700 nmol/L plasma cortisol concentration, which approximately corresponds to the mean value of the control group increased by 2 SD, as the lower limit for "high" cortisol concentration. In AD patients, the high cortisol concentration (>700 nmol/L) was found in 16.3% (N=13) of the whole group (N=80), 25.7% (N=9) of those with depressive symptoms (N=35), 8.9% (N=4) of those without depressive symptoms (N=45), 22.5% (N=9) of those with MMSE>20 and mild dementia (N=40), and 10.0% (N=4) of those with MMSE ≤20 and moderate to severe dementia (N=40). Only 11.1% (N=3) of depressive patients (N=27) and 2.7% (N=1) of controls (N=37) fell into high plasma cortisol subgroups. Mean MMSE scores were not significantly different in AD patients with high and normal plasma cortisol.
The following relationships were analyzed using the odds ratio, relative risk, sensitivity, and specificity (with 95% confidence intervals) in the subjects with high plasma cortisol concentration: (1) AD among subjects with AD and control subjects; (2) AD without depressive symptoms (GDS <7) among these and control subjects; (3) AD with depressive symptoms (GDS ≥7) among these and control subjects; (4) AD with MMSE >20 among these and controls; (5) AD with MMSE ≤20 among these and controls; and (6) Depressive patients among subjects with depressive disorder and control subjects (Figure 3) . Test sensitivity was very low (below 0.30) for both AD and depressive disorder. Specificity of 0.97 was calculated from values for controls. Significantly increased relative risk (RR) of disease in persons with high plasma cortisol was found in AD patients (RR=1.43, 95% CI 1.16-1.74), in the subgroup of AD patients with marked depressive symptoms (RR=2.15, 95% CI 1.50-3.07) and in AD patients with mild dementia and MMSE >20 (RR=1.95, 95% CI 1.40-2.71).
Discussion
This study was designed to analyze an association of AD and/ or depression with plasma cortisol concentration. Multiple linear regression analysis was applied to learn which of the independent variables contributes most to the prediction of plasma cortisol concentration. We examined the regression coefficients to determine the strength of the relationship between plasma cortisol and the continuous determinants. Our preliminary data support the role of cortisol as part of a panel of biomarkers for depression [7] and age-related neurodegenerative diseases such as AD [38] .
Previously, it was found that morning cortisol levels increased 30% between the ages of 40 and 80 years in a cross-sectional study of more than 2000 randomly selected Canadian men [49] , concordant with the 20% elevation from age 50-89 years observed in another large study [14] . In our study, we confirmed significant positive partial correlation between plasma cortisol and age in the control group (51-77 years old). However, we did not find significant association of morning plasma cortisol concentration with age in AD (56-91 years old) or in depressive patients (53-69 years old), probably due to effects of the disease on plasma cortisol. Age adjustment was performed in data analysis to remove the confounding effect of age. We found slightly higher mean plasma cortisol concentrations in women compared to men in all tested groups; however, statistical analysis did not confirm any significant difference. This enabled us to analyze data from women together with data from men.
Mean plasma cortisol concentration was not increased in depressive disorder compared to controls ( Table 2) . Normalization of HPA axis hyperactivity after treatment with antidepressants [50] and association of both hypo-and hypercortisolemia with depressive disorder (Figure 2 ) may play a role in this. Our results supported previous finding that elevation of cortisol occurs only in some individuals with depression and that there is U-shaped association between plasma cortisol and major depression [9, 22] .
We found significantly increased mean cortisol concentration in AD patients (+16.1%) and in their subgroups compared to healthy controls, similar to the findings of Laske et al. [51] ( Table 2) . Plasma cortisol was increased by 19.4% in AD with depressive symptoms and by 13.4% in AD without depression, but the difference was not statistically significant. Our data confirmed that there is a continuously increasing distribution of number of AD patients without depressive symptoms with increasing plasma cortisol (Figure 2) . These results indicate different roles of cortisol in AD and in depressive disorder.
We confirmed that depression is frequently comorbid with AD; 44% of AD patients also showed marked depressive symptoms. Significant association was found between plasma cortisol and MMSE in the whole group of AD patients after adjustment for age, sex, years of schooling, and BMI, and in the subgroup of AD patients without depressive symptoms apart from adjustment (Table 3) . Because GSD score was not significantly associated with plasma cortisol, we suppose that plasma cortisol is associated with degree of cognitive impairment in AD rather than with comorbid depressive symptoms.
Significantly increased odds ratio or relative risk of disease in subjects with high plasma cortisol was found in AD, in AD with mild dementia, and in AD with depressive symptoms especially, but not in AD without depressive symptoms or in AD with moderate to severe dementia (Figure 3) . These results partially support previous findings that there is no simple association between plasma cortisol levels and clinical and cognitive assessments obtained at the single assessment closest in time to the plasma collection [34] and that depressive symptoms may affect plasma cortisol in AD.
The strength of this study is the very rigorous diagnosis and clinical evaluation of AD and depressive patients. The study has several limitations. First, mean age was higher in AD patients compared to controls or patients with depressive disorder, but we believe that it is not serious problem, because we did not find significant association of plasma cortisol with age in AD patients or in depressive patients. The increase of about 5% of plasma cortisol concentration could be expected for the 12-year difference of mean ages in our study [14, 49] . We think that adjustment for age in statistical data analysis is sufficient to correct this discrepancy. Second, total plasma cortisol does not represent the bioactive portion of cortisol that is available to bind to receptors [22, 52] ; thus, total plasma cortisol does not represent the complete picture of HPA axis activity. However, this is not a problem, because hypercortisolemia in severe depression appears to be driven largely by increased basal cortisol secretion that is dissociated from stimulation by adrenocorticotropic hormone [48] . Third, blood samples were collected only once; thus, cortisol concentrations may be influenced by acute effects. This was because our study was designed to determine an association of single plasma cortisol measurement with clinical assessment and/or to evaluate usefulness of once-measured high plasma cortisol as part of a panel of biological markers of the disease. Nevertheless, blood taking was performed at least 1 hour after awakening to avoid the morning peak of cortisol. Another possible limitation is interference by current pharmacotherapy of depressed or AD patients. AD patients were treated by reversible acetylcholinesterase inhibitors and/or by N-methyl-D-aspartate (NMDA) receptor antagonists, and by other drugs according to their somatic illnesses; those with co-morbid depression were usually treated with antidepressants as well. However, responders using oral glucocorticoids, sex steroids, or mineralocorticoids were excluded from the study to minimize the confounding effect of pharmacotherapy on plasma cortisol.
Most of the AD patients in our study were in early stages of the illness. We suppose that some of these AD patients with current mild dementia will be repeatedly tested in future to obtain data for longitudinal study of cortisol levels during progression of AD.
Evidence has been accumulating about the role of stress and HPA axis activity as an important challenge to the onset and progression of depressive disorder and AD. The hippocampus, one of the areas of the brain damaged during both depressive disorder and AD, was recognized as a target of neurotransmitters, cytokines, and stress hormones, including cortisol. Our preliminary study confirms that increased plasma cortisol in AD is relatively little affected by comorbid depressive symptoms and that there is an association between plasma cortisol concentration and cognitive impairment in AD without depressive symptoms. However, much additional work has to be done to establish plasma cortisol as a reliable biomarker. Future research evolving from our preliminary work may include multiple blood sampling from each subject, simultaneous measurement of several biomarkers of AD and/or depressive disorder, and a longitudinal study. Such research could contribute to the debate on whether depression is a risk for AD and vice-versa, and whether cortisol plays a causal role in this relationship.
Conclusions
Mean plasma cortisol concentrations were increased in AD compared to controls; the increase was only slightly higher in AD with depression compared to AD without depression. Mean plasma cortisol did not change in depressive disorder without AD and was not correlated with severity of depression. Plasma cortisol reflects MMSE-assessed degree of cognitive impairment in AD rather than the severity of comorbid depression. We confirmed a U-shaped association between plasma cortisol and major depression -both low and high concentrations
